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Abstract
Thiamethoxam with mefenoxam is the most widely used neonicotinoid insecticide/
fungicide mixture applied to soybean (Glycine max [L]) as seed treatments. Based
on the systemic nature of thiamethoxam and mefenoxam, residues of this insecticide/fungicide mixture may be present in soybean vegetative and floral tissue and
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negatively impact beneficial insects. Although neonicotinoids are often applied in
combination with systemic fungicides, the research on ecological risks of neonicotinoids has been focused on the analysis of these compounds without considering their interaction with other agrochemicals. The objective of this study was to
identify the concentration of thiamethoxam and mefenoxam in soybean flowers
and leaves during early reproductive soybean stages. A field experiment with three
treatments: a thiamethoxam-mefenoxam combination, thiamethoxam only, and
untreated seeds, was conducted. Flowers were collected during early reproductive
soybean stages R1-R2 at different locations in Nebraska during two years. Quantification of the pesticides in floral tissue was conducted using a modification of the
QuEChErs extraction method and HPLC-MS/MS analysis. Mean concentrations of
thiamethoxam and mefenoxam in floral and vegetative tissue were extremely low
or not detected although trace levels of thiamethoxam were higher in floral tissues
from seed treatments relative to the control. The only residue consistently detected
above the method detection limit among plants grown from thiamethoxam treated
seeds was the thiamethoxiam metabolite, clothianidin. Results from this study provide important baseline information to estimate the window of activity for this compound in soybean in the North Central Region of the United States.
Keywords: Neonicotinoids, Soybean reproductive stages, Mefenoxam, Residues

1. Introduction
The use of systemic pesticides has gained considerable attention due
to the potential risk that these compounds pose to pollinators, insect
natural enemies, and other non-target organisms living both above
and below ground (Douglas and Tooker, 2015; Krupke et al., 2012;
Pisa et al., 2015). Systemic pesticides must persist in the plant long
enough to achieve control of above and below ground pests; therefore, they may contaminate food sources of beneficial insects, such as
insect prey, pollen, nectar, and leaf guttation (Bonmatin et al., 2015;
Girolami et al., 2009; Krupke et al., 2012; Pisa et al., 2015; Seagraves
and Lundgren, 2012). Thiamethoxam and mefenoxam are two of the
most widely used systemic pesticides in soybean, Glycine max (L),
seed treatments in the U.S. (Cox and Cherney, 2011; Cox et al., 2008;
Gaspar et al., 2015). The fate of these and other systemic pesticides
in floral tissues is extremely important due to their potential impact
on non-target insects that utilize pollen and nectar resources (Bonmatin et al., 2015).
Thiamethoxam is a water-soluble compound (4.1 g l–1 at 20 °C)
which allows the uptake and translocation of the active ingredient
through the vascular system of the plants (Maienfisch et al., 2001).
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Importantly, thiamethoxam can be metabolized by plants to the
equally toxic clothianidin (Jeschke et al., 2011) which has been detected in plant tissues grown from thiamehtoxam treated seeds including soybean plants (Tietjen et al., 2017). Mefenoxam (also called
R-metalaxyl) is the R-enantiomer of metalaxyl and a commonly used
fungicide in seed treatments (Monkiedje et al., 2007). This fungicide
is highly systemic and water soluble (26 g l–1 at 20 °C) and one of the
most frequently applied fungicides used for crop protection worldwide (Triantafyllidis et al., 2012). The broad-spectrum activity and
highly systemic properties of thiamethoxam and mefenoxam have
contributed to the success and widespread use of these compounds
in seed treatment applications (Simon-Delso et al., 2015). However,
the systemic properties of these pesticides have also caused concern
during the last decade because they can be translocated to floral tissues that serve as a food source for pollinators and other beneficial
insects (van der Sluijs et al., 2015).
Residues of neonicotinoid insecticides have been identified in
leaves and flowers of seed treated plants for several crops including
canola, corn, cotton, and sunflower (Bonmatin et al., 2015; Bredeson
and Lundgren, 2015; Krupke et al., 2012; Stewart et al., 2014; Stoner
and Eitzer, 2012; Xu et al., 2016). Residues of thiamethoxam have been
identified at ~5 ng/g in mature leaves at early reproductive stages
of soybean development (Magalhaes et al., 2009). However, there is
limited information on the translocation of neonicotinoids and other
systemic pesticides to soybean flowers. Stewart et al. (2014) characterized the translocation of neonicotinoids in soybean in the southern U.S., and reported very low concentrations in soybean flowers.
Information is limited for translocation of systemic products in northern soybean growing regions of the U.S. where more than 80% of the
U.S. soybean is grown. The use of early maturity varieties in northern
states versus southern states may increase the probability of finding
residues in soybean flowers in northern production areas (Pedersen
and Elbert, 2004). Early maturating varieties exhibit faster development from planting to flowering (Pedersen and Lauer, 2004), possibly
reducing the time for metabolism of neonicotinoids applied as seed
treatment in plant tissue and increasing the probability of translocation to reproductive tissues.
For mefenoxam, information on residues and translocation in the
plant is also very limited (Monkiedje and Spiteller, 2005). Although
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several authors report the systemic movement of mefenoxam and
metalaxyl in plants, few of those studies quantify the active ingredient
in plant tissues and its persistence over time (Monkiedje et al., 2007;
Singh et al., 1986; Sukul, 2000; Wilson et al., 2001). Mefenoxam and
metalaxyl are highly water-soluble compounds and have the potential
to move to vegetative tissues as well as pollen and nectar of flowers.
Krupke et al. (2012) reported residues of metalaxyl in pollen of seed
treated corn at a concentration of 3.1 ng/g. Although fungicides in
seed treatments are not acutely toxic to insects, they may have synergistic or additive effects when combined with neonicotinoids and
should be considered when assessing the risk of seed treatments to
non-target insects (Krupke et al., 2012).
Quantifying the concentrations of thiamethoxam, the thiamethoxam metabolite clothianidin and mefenoxam in soybean plants at
reproductive stages is important to identify the window of activity of
these products and the possible risks that these products might have
on non-target organisms. The objective of this study was to quantify
the concentrations of thiamethoxam, the active metabolite, clothianidin, and mefenoxam in select vegetative stages and flowers of soybean plants grown from treated seeds.
2. Methodology
2.1. Thiamethoxam and mefenoxam in soybean flowers
The experiment was conducted during two consecutive soybean
growing seasons. In 2013, research plots were located at the University of Nebraska Northeast Research and Extension Center, Haskell
Agricultural Laboratory in Concord, NE (Latitude 42°23’2.38”N; Longitude 96°56’29.14”W). Planting at the Concord site was conducted on
June 11. In 2014, research plots were located in two different fields,
one at the University of Nebraska-Lincoln Agricultural Research and
Development Center at Ithaca, NE (Latitude 41° 9’54.49”N; Longitude
96° 24’50.45”W), and the second at the University of Nebraska-Lincoln East Campus field plots maintained by the Department of Agronomy and Horticulture, Lincoln, NE (Latitude 40°50’9.93”N; Longitude,
96°39’44.95”W). Planting dates were May 30 and June 1 for the Ithaca
and Lincoln sites, respectively.

Camargo et al. in Crop Protection 119 (2019)

5

The design was a randomized complete block, with three treatments and three replications in each field. Treatments consisted of:
1) thiamethoxam alone at 0.0756 mg ai/seed, 2) thiamethoxammefenoxam at 0.0756 and 0.0113 mg ai/seed, respectively and 3) untreated seeds. In both years, group 3 maturity (NK S30-E) seeds were
custom treated by Syngenta Crop Protection, Stanton, MN. Treatment
plots consisted of 8 rows planted 0.76m between rows and 5.2m in
length with 1.52m between replications. Planting density was 345,947
seeds/hectare.
Destructive sampling of soybean plants was conducted at reproductive stage R1 and 45 days after planting in 2013 and at 38 and
39 days after planting in 2014. A total of ~25 g of flowers were randomly collected from plants in the middle four rows and at least 60
cm from each end of the plot. Flowers were collected from all nodes
of the plant. Flowers were cut at the calix base and bagged for each
plot. Collected flowers were kept in plastic bags in a plastic cooler with
ice during transport. Samples were stored at -80 °C until further analysis. Each collected flower included the lateral bract, calix lobe, standard petals, wing petals, keel, ovary, stigma, and stamens.
2.2. Thiamethoxam and mefenoxam in early reproductive stage
soybean leaves
Collection of vegetative tissue was conducted in 2014 and 2015 with
fields located at the University of Nebraska-Lincoln East Campus in
both years as previously described. Planting dates were May 30 and
June 11 in 2014 and 2015, respectively. Because neonicotinoids have
been reported to occur at low concentrations in foliage 30 and 40
days after planting (Magalhaes et al., 2009), leaves from the entire
plant were pooled for further analysis. Plants were randomly selected
from R1 stage plants from the two middle rows of each plot 35 days
after planting during 2014 and 37 days after planting during 2015.
All the leaves were collected except cotyledons and unopened trifoliates. Samples were kept on ice during transport and transferred to a
–20 °C freezer for storage upon returning from the field.
Although the translocation of metalaxyl has been previously reported for soybean (Gupta et al., 1985), there are no studies in soybean evaluating the translocation of other phenylamide fungicides, such as mefenoxam. Therefore, to verify the translocation of
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mefenoxam into soybean vegetative tissue from the applied rate, one
sample of leaves from five plants in the mixture treatment (thiamethoxam + mefenoxam) was collected at 18 days after planting (V2).
2.3. Pesticide extraction
Individual standard stock solutions of thiamethoxam (99.5% A.I), clothianidin (99.4% A.I), mefenoxam (99.9%), internal standards C3- thiamethoxam, C3-clothianidin, and C6-mefenoxam, and the surrogate terbuthylazine were diluted in methanol at 5 μg μL–1 and stored in amber
glass flasks at –20 °C. Calibration solutions were prepared from the
stock solutions over a concentration range of 1–125 μg L–1, of target
compounds and 100 μg L–1 for internal standards.
The sample preparation procedure was based on the modified
QuEChERS methodology (Pohorecka et al., 2012). A total of 10 g of
plant material were used for each extraction. Flower samples included
the petals, wing petals, keel, ovary, stigma, and stamens. Plant tissues
were ground using a mortar and pestle in liquid nitrogen until a fine
powder was obtained. Samples were fortified with 60 ng of surrogate
and placed in a 50 ml centrifuge tube with 30 ml of acetonitrile as an
extraction reagent. The tube was shaken overnight using a multipurpose rotator and centrifuged at 5000 rpm for 5 min. A total of 15 ml
of the aliquot was transferred to a 15-mL dSPE tube containing 900
mg MgSO4, 300 mg PSA and 150 mg ChloroFiltr®. Samples were then
vortexed for 30 s and centrifuged at 8000 rpm for 2 min. An aliquot
of 9 ml was diluted in 90 ml of distilled deionized water and passed
through a 200 mg HLB (Waters Corporation, Milford, MA) solid phase
extraction cartridge. HLB cartridges were eluted with 5 ml of methanol and the extract was evaporated at room temperature under a continuous nitrogen flow to 100 μl. The extract was fortified with 60 ng
internal standards and reconstituted to 500 μl with water/methanol
mixture (80:20) and filtered using a 0.45 μm Mini-UniPrep Syringeless
Filter. The final extract was analyzed by HPLC-MS/MS.
2.4. HPLC-MS/MS analysis
For HPLC-MS/MS analysis, a Quattro Micro tandem quadrupole
mass spectrometer with atmospheric pressure chemical ionization
(APCI) source system was used (Waters, Milford MA). An end-capped
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BetaBasic C18 reverse phase HPLC column (250 × 2 mm) was used for
the chromatographic separation. The injected sample volume was 50
μL. The mobile phases consisted of A) 0.15% formic acid in water/
methanol (97:3) and B) 0.15% formic acid in methanol/water (97:3);
at a constant temperature of 50°C and a flow rate of 0.3 ml/min. The
gradient of mobile phases was 5% A) from 0 to 1min, 50% A) from 1
to 3 min, 65%–75% A) from 3 to 10 min, 100% A) from 10 to 15 min
and back to 5% A) from 15 to 20 min. For the mass spectrometry, the
ionization of the analytes was performed with a positive ion mode
atmospheric pressure chemical ionization (APCI). A pseudo-molecular ion [M+H]+ was selected as the parent ion for fragmentation, and
the corresponding fragment ion(s) were selected for identification
and quantitation of the neonicotinoids. Ionization and collision energies were optimized based on procedures described by the instrument manufacturer.
Method detection limits (MDLs) for each analyte were conservatively
estimated by replicate analysis of seven aliquots of soybean plant material spiked with (60 ng/g) of each analyte in 10 g of uncontaminated
plant material. MDLs were calculated based on the standard deviation of the 7 replicate samples (S) multiplied by the Student’s “t” for
the 99% confidence level with n–1 (6) degrees of freedom (EPA, 2016).
Non-detection of residues was assumed when the values were equivalent to 0.0 ng/g. Trace concentration levels of neonicotinoids were included in further analyses as the values below the MDL but above the
instrument detection limit IDL. IDLs were determined by multiplying
the standard deviation in response from replicate 50 μL injections of
the lowest calibration standard (5 pg/uL) by three (3 x std deviation).
The final average concentration of analyte for each treatment included
all values obtained in the four replications during both years of study,
including both trace concentrations and zero values.
2.5. Statistical analysis
Analyte residues from flowers and leaves were analyzed using a generalized linear mixed model with a normal distribution to compare
the concentration levels among treatments. The model used the effect of the location nested in years as a fixed variable because different fields were evaluated in each year. The treatments (control and
two seed treatments) and each analyte (thiamethoxam, clothianidin,
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and mefenoxam) were also used as fixed variables in the model taking
into consideration the possible interaction of the analytes and treatments with the location nested in year. If the treatment_ analyte interaction was significant, simple effect comparisons of the treatment by
analyte were determined by Fisher’s least significant difference (P <
0.05). The analysis for this study was generated using SAS/STAT software version 9.1.3 (SAS Institute Inc, Cary NC).
3. Results
3.1. Method recoveries and detection limits
Instrument detection limits (IDL), method detection limits (MDL = stn–
1) statistically estimated from the standard deviation of concentrations
measured in the replicated spiked samples, and recovery percentages
are reported in Table 1. In general, the accuracy of the method (recovery percentage) and its precision (standard deviation) were acceptable based on Environmental Protection Agency requirements
(EPA, 2016). Recoveries from all analytes ranged from 90 to 110%
with relative standard deviations of <25% (Table 1). In general, thiamethoxam exhibited higher variability in its detection across samples
(data not shown).

Table 1. Instrument recoveries and detection limits for the neonicotinoids thiamethoxam
and clothianidin and the fungicide mefenoxam using a HPLC-MS/MS analysis with a Quattro Micro tandem quadrupole mass spectrometer with atmospheric pressure chemical ionization (APCI) source system.
Analyte

Instrument detection
limit (IDL) (pg)a

Method detection
limit (MDL) (ng/g)b

Recovery
%b

Clothianidin
Thiamethoxam
Mefenoxam

113.1
199.0
23.1

1.12
4.92
0.55

99.96
110.77
80.83

a. Determined by multiplying the standard deviation in response from seven replicate 50
μL injections of the lowest calibration standard (5 pg/uL) by three (3 x std deviation). Reported as on-column mass (pg) injected.
b. Method recoveries and detection limits for neonicotinoids in soybean plant tissue using
QuEcChERS methodology. MDLs were calculated based on the standard deviation of the
7 replicate samples (S) multiplied by the Student’s “t” for the 99% confidence level with
n–1 (6) degrees of freedom (EPA, 2016).
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3.2. Thiamethoxam and mefenoxam in soybean flowers
The concentration of soybean flower analytes in each treatment were
not significantly different between locations within years (F = 0.75;
df 4,57; P = 0.564). Similarly, the overall trace levels of analytes were
not significantly different between locations within years (F = 2.16;
df = 4, 57; P = 0.085). Results of statistical analyses for all fixed effects are included in Table S1. Mean concentrations of thiamethoxam,
clothianidin and mefenoxam in soybean flowers were below the MDL
for all treatments (MDLs: clothianidin: 1.1 ng/g, thiamethoxam: 4.9
ng/g, mefenoxam: 0.5 ng/g). However, trace levels of contaminants
(i.e., above the IDL but below the MDL) were detected in flowers from
plants grown from treated but not untreated seeds, and significant
treatment (F = 3.81; df = 2, 57; P <0.05), analyte (F = 6.84; df =
2,57; P < 0.05), and interaction effects between analyte and treatment
(F = 16.51; df = 4,57; P < 0.05) were observed. Significantly higher
(P < 0.05) trace levels of thiamethoxam were observed in both seed
treatments (thiamethoxam alone and thiamethoxam with mefenoxam)
relative to untreated seeds (Fig. 1; results of statistical analyses for all
simple effect comparisons are reported in Table S2). For the control
Supplemental Table S1. Statistical analysis for the analyte concentration in soybean flowers
using a generalized linear based model.
Effect

Num DF

Den DF

F Value

Pr > F

2
2
4
4
4
8

57
57
57
57
57
57

3.81
6.84
16.51
0.75
2.16
1.64

0.0279
0.0022
<.0001
0.564
0.085
0.1342

Treatment
Analyte
Treatment*Analyte
Treatment*location(year)
Analyte*location(year)
Treatment*Analyte*location(year)

Supplemental Table S2. Simple effect comparisons of Trt*Analyte in flowers. Least squares
means comparison by analyte. Significant differences P<0.05.
Simple effect level by analyte
Clothianidin
Clothianidin
Clothianidin
Mefenoxam
Mefenoxam
Mefenoxam
Thiamethoxam
Thiamethoxam
Thiamethoxam

Trt

Trt

P-value

Control
Control
Mixture
Control
Control
Mixture
Control
Control
Mixture

Mixture
Thiamethoxam
Thiamethoxam
Mixture
Thiamethoxam
Thiamethoxam
Mixture
Thiamethoxam
Thiamethoxam

0.2199
0.3061
0.9183
0.7571
0.3878
0.1554
<.0001
0.0156
0.3514
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Fig. 1. Concentration of thiamethoxam, clothianidin and mefenoxam analytes detected in soybean flowers. Treatments correspond to: Control = untreated seeds;
Mixture = combination of thiamethoxam and mefenoxam seed treatment and Thiamethoxam = thiamethoxam treated seeds. Mean comparisons were conducted
for each analyte Clothianidin, Thiamethoxam and Mefenoxam between treatments:
Control vs Mixture, Control vs Thiamethoxam, Mixture vs Thiamethoxam. Simple effect comparisons of the treatment by analyte were determined by Fisher’s least significant difference (P < 0.05)

treatment, thiamethoxam concentrations were below limits of detection (both MDL and IDL) with all values considered to be zero. Traces
of thiamethoxam in flowers from the two seed treatments (thiamethoxam alone and thiamethoxam with mefenoxam) were not significantly different from each other (Fig. 1).
No significant differences were detected for thiamethoxam’s metabolite clothianidin in flowers from seed treatments compared to the
flowers in plants from untreated seeds (Fig. 1; Table S2). In general,
there was high variability in trace levels of clothianidin in the flowers from seed treatments, which may have obscured differences (Fig.
1). Concentrations of mefenoxam were lower than the neonicotinoid
analytes with averages close to zero in both treated and untreated
seeds (Fig. 1).
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Fig. 2. Concentration of thiamethoxam, clothianidin and mefenoxam analytes detected in soybean leaves. Treatments correspond to: Control = untreated seeds;
Mixture = combination of thiamethoxam and mefenoxam seed treatment; and Thiamethoxam = thiamethoxam treated seeds. Simple effect comparisons (Control vs
Mixture, Control vs Thiamethoxam, Mixture vs Thiamethoxam) of treatment means
were determined by Fisher’s least significant difference (P < 0.05).

3.3. Thiamethoxam and mefenoxam in early reproductive stage soybean leaves
Neonicotinoid and mefenoxam residues in soybean leaves at 35–37
DAP are shown in Fig. 2 with clothianidin concentrations for both the
thiamethoxam only and thiamethoxam/mefenoxam seed treatments
above the MDL (results of statistical analyses for all fixed effects are
included in Table S3). There were no significant differences in the concentration of the analytes in the different treatments across location
within years (F = 0.68; df = 4, 48; P = 0.6084). The concentrations
of analytes in treated and untreated soybean leaves were significantly
different (F = 18.19; df = 2, 48; P < 0.0001) (Fig. 2), and significantly
higher concentrations of clothianidin were found in plants with both
seed treatments relative to the control (results of statistical analyses
for all simple effect comparisons are included in Table S4; Fig. 2). The
concentration of thiamethoxam in leaves from the seed treatments
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Supplemental Table S3. Statistical analysis for the analyte concentration in soybean leaves
using a generalized linear based model.
Effect

Num DF

Den DF

F Value

Pr > F

2
2
4
1
2
2
4

48
48
48
48
48
48
48

18.19
18.86
6.63
0.03
2.48
2.16
0.68

<.0001
<.0001
0.0002
0.8726
0.0946
0.0802
0.6084

Treatment
Analyte
Treatment*Analyte
Year
Treatment*Year
Year*Analyte
Treatment*Year*Analyte

Supplemental Table S4. Simple effect comparisons of Trt*Analyte in Leaves. Least squares
means comparison by analyte. Significant differences P<0.05.
Simple effect level by analyte

Trt

Trt

P-value

Clothianidin
Clothianidin
Clothianidin
Mefenoxam
Mefenoxam
Mefenoxam
Thiamethoxam
Thiamethoxam
Thiamethoxam

Control
Control
Mixture
Control
Control
Mixture
Control
Control
Mixture

Mixture
Thiamethoxam
Thiamethoxam
Mixture
Thiamethoxam
Thiamethoxam
Mixture
Thiamethoxam
Thiamethoxam

<.0001
<.0001
0.4107
0.7926
0.6779
0.8715
0.945
0.0326
0.0341

was not significantly different from the control. Clothianidin was the
predominant analyte and was routinely detected at approximately 5
ng/g (Fig. 2). Levels of clothianidin in leaves from the thiamethoxammefenoxam and thiamethoxam-only seed treatments were significantly higher (P < 0.05) than that of the control, but not significantly
different from one another (Fig. 2). The concentration of clothianidin
in the control treatment was below the MDL and close to zero for all
the analytes (Fig. 2). Both thiamethoxam and clothianidin have been
reported from leaves at early vegetative stages (V2) at 151 ng/g and
5.64 ng/g respectively (Tietjen et al., 2017) indicating that thiamethoxam is metabolized through time with only its metabolite, clothianidin, detectable ~37 days after planting.
Concentrations of mefenoxam in leaves were not significantly different between the treatments and the control with values below
the MDL for all the treatments (Fig. 2). In leaves from V2 soybean,
mefenoxam exhibited a concentration of 2.69 ng/g, confirming that
the translocation of mefenoxam to foliage occurs at very low rates.
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These results suggest that the concentration detected in leaves is low
and may not have a significant fungicidal impact beyond seed germination, considering that the effective concentration (EC50) of this
compound against pathogens such as Phytophtora spp is ~500 ng/g
(Parra and Ristaino, 2001).
4. Discussion
Soybean is one of the largest crops in the U.S producing more than a
half million flowers per hectare that potentially serve as pollen, nectar, and water resources for pollinators and other beneficial insects
(Gill and O’Neal, 2015). Thus, the identification and quantification of
pesticide residues in soybean flowers resulting from seed treatments
are key to estimating the exposure of beneficial insects to these residues. In the present study, residues of thiamethoxam and its metabolite clothianidin in soybean flowers were either below detection limits
or detected only as traces with mean concentrations close to zero or
below the MDL. Similar results have been reported for residues of neonicotinoids in soybean flowers in the southern United States (Stewart et al., 2014). These authors reported either non-detection or only
traces of thiamethoxam and clothianidin (<1 ng/g) in soybean flowers from plants grown from treated seed at a rate of 0.05 mg of a.i.
per seed. Although the seed treatment rate was higher (0.075 mg a.i.)
in the current study, residues of neonicotinoids were similarly low or
absent from floral tissue.
Low concentrations of neonicotinoids and other systemic pesticides from seed treatments in soybean floral tissue may be associated with the mechanisms of water movement in the soybean plants
to flowers. Residues of neonicotinoids may arrive to the different floral tissues through the movement of water from the xylem, phloem,
or both (Bonmatin et al., 2015). In flowers from some angiosperm species, water potential in floral tissues can be lower than the rest of the
plant; therefore, water would move to floral tissues mainly via xylem
(Roddy et al., 2016). In contrast, in eudicot flowers such as soybean,
the water potential in floral structures can be higher than the rest of
the plant in which water moves to flowers mainly via phloem (Roddy
et al., 2016). Rates of water flux from the phloem is lower compared to
xylem (Roddy et al., 2016). As neonicotinoids move mainly via xylem
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(Jeschke et al., 2011), lower concentrations in floral structures would
be expected if water is coming mainly from the phloem. If soybean
flowers are obtaining water mostly from the phloem, it is likely that
concentrations of neonicotinoids in these reproductive structures will
be low.
Although residues of thiamethoxam and its toxic metabolite, clothianidin were identified as traces or undetect in floral tissue, clothianidin remained detectable at 35–37 DAP at 5 ng/g in the leaves while
the parent compound, thiamethoxam, was not detected or detected
below the MDL. As the concentration of neonicotinoids decreases with
plant growth, it is possible that at early reproductive stages, only the
metabolites of parent compounds remain in the plant. Similar results
have been reported for thiamethoxam seed treatments in sunflowers
where clothianidin remained detectable in leaves during flowering,
but not thiamethoxam (Bredeson and Lundgren, 2015).
Traces of neonicotinoids in plant tissues are potentially influenced
by the nature of seed treatment which can be applied as mixtures or
as single pesticide seed treatments. In this study, we found that there
were significantly lower levels of thiamethoxam in leaves from the
mixture treatment compared to the plants treated with the insecticide alone. Moreover, the concentrations of clothianidin were numerically higher, although not significantly different between the mixture
treatment and the treatment with thiamethoxam only. Because mixture treatments can improve plant growth (Gaspar et al., 2015), final
concentrations of neonicotinoids may be lower in plants with faster
growth rates, which usually occurs with mixture seed treatments. The
concentration of neonicotinoids decreases as plant growth increases
(Jeschke et al., 2011). Analyses comparing the insecticide alone and
in the mixture treatments of fungicides and other plant growth additives at mid-vegetative stages may help elucidate the effect of multiple products in seed treatments on the fate of neonicotinoids in plant
tissues.
Based on the results of our study, seed-treatment residues of neonicotinoid insecticides in early reproductive soybean flowers are unlikely to cause acute toxic effects to target and non-target insects. The
concentrations of thiamethoxam and its active metabolite, clothianidin, in floral tissues of a number of different plant species have been
reported between 0.1 and 7 ng/g (Krupke et al., 2012; Stewart et al.,
2014; Xu et al., 2016). These concentrations are below the acute toxic
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effects (LD50 = 4–7.5 ng/bee) or chronic toxic effects (LC50 after 6 days
of exposure = 1760 μg/L) in honey bees under laboratory conditions
(Johnson, 2015). However, sub-lethal effects in relation to trace concentrations of neonicotinoids in floral tissues require further investigation especially given recent reports of adverse effects from chronic
exposure to neonicotinoids from crop plants (Tsvetkov et al., 2017).
Acute and chronic toxicity are also unlikely for both non-target and
target insects that feed on soybean leaves. For example, the acute
LC50 for the predator Orius insidiosus Say was estimated to be 767
ng/g, which far exceeds the concentrations found in leaves reported
in the present study (Camargo et al., 2017). For pest insects that arrive in soybean fields at late vegetative and early reproductive stages
such as soybean aphid and the first generation of bean leaf beetle,
Cerotoma trifurcate (Forster), LC50 after chronic exposure to thiamethoxam in leaf tissue has been estimated at 51.31 ng/g (Ribeiro et al.,
2018) and 2532.67 ng/g respectively (Tietjen et al., 2017) based on
the concentration of cut leaves maintained in a solution of thiamethoxam. These lethal concentrations exceed the residue levels reported
in the present study suggesting that efficacy from thiamethoxam to
control these pests may be compromised during later stages of soybean development.
Concentrations of mefoxam were generally lower than neonicotinoid concentrations and below the MDL or not detected. Therefore,
translocation of mefenoxam to flowers from treated seeds at the rate
used in this study (0.011 mg of a.i. per seed) appears to pose minimal risk to beneficial insects. In addition, mefenoxam was not detected in soybean leaves at early reproductive stages (37 DAP), and at
low concentration levels (2.69 ng/g) at early vegetative stages or 18
DAP. These results support the hypothesis of reduced movement of
mefenoxam from treated seeds into the plant vegetative and floral tissue. Gupta et al. (1985) reported that the stereoisomer of mefenoxam,
metalaxyl, remained in the cotyledons with only a small percentage
moving to leaves and stems of soybean plants. The small percentage
of mefenoxam recovered in plant tissue in this study indicates that
the fungicide likely remained in the root tissue and cotyledons or diffused into the soil.
The standardization of methods that allow the analysis of parent
compounds and metabolites in complex matrixes is crucial for the
proper assessment of exposure of neonicotinoids to pollinators and
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other nontarget organisms through residues in plant material. For
this study, it is important to consider differences in the detection limits between thiamethoxam and clothianidin. Recovery of thiamethoxam is adversely affected by the matrix components from plant material, while high recovery rates (90–100%) of clothianidin in complex
matrices has been reported (Xie et al., 2011). One of the main difficulties in accurately estimating the fate of neonicotinoids in the environment is the variability in the calculation of the limits of detection
(LOD), limits of quantification (LOQ), method detection limit (MDL),
and efficiency of the analytical methods used. LOD, LOQ, and MDL are
commonly used to describe the smallest concentration of an analyte
that can be measured through a given analytical procedure. The calculation of these values can be developed through multiple statistical procedures affecting the interpretation of concentrations found
through the analytical methods. Information on how the methods of
detection limits are calculated is critical to understanding the capability and limitations of the information on residues of neonicotinoids
reported and the accuracy of the values obtained through the multiple analytical methods that have been reported. However, few studies on the environmental fate of neonicotinoids report the methods
to estimate these values. Lack of this information compromises the
accuracy of the values, the efficiency of the analytical procedure and
undermines estimates of environmental risk.
5. Conclusions
Results of this study provide increased understanding of neonicotinoids exposure levels in soybean flowers and leaves at R1 to early
R2 (~37 DAP) when the majority of target and non-target insects
arrive in soybean fields. While residues were consistently detected
in leaves, the concentrations of thiamethoxam and its metabolite
clothianidin were low or not detected in both reproductive tissues
and leaves. Thus, it is unlikely that residues from neonicotinoids at
reproductive stages in soybean after seed treatment are adversely
affecting either pests or beneficial insects. However, the potential
for sublethal effects under field relevant conditions of exposure requires further investigation. In addition, increased standardization
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of methods for assessing detection limits should be encouraged
across studies so that more accurate assessment of field exposures
can be achieved.
The use of neonicotinoid seed treatments on soybean in the North
Central Region of the U.S is intended to protect plants from pests such
as soybean aphid and bean leaf beetle. However, these seed treatments may have limited effect if their concentration is too low when
the pests arrive. There have not been detailed studies that document
the actual concentration of neonicotinoids in soybean at the time of
arrival of soybean aphid. This study provides crucial baseline information of the negligible levels of thiamethoxam at early reproductive
stages under field conditions.
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